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Abstract
After a short introduction on the history of dark matter research, we re-
view the current state of knowledge on both dark matter and sterile neu-
trinos, motivating sterile neutrinos as a dark matter candidate. We then
investigate the dependence of current constraints on the sterile neutrino
parameter space on the fraction χN of the dark matter mass density that
is due to sterile neutrinos, and derive a lower bound on the fraction as-
suming the 3.5 keV spectral line detected in galaxies and galaxy clusters is
caused by sterile neutrino decay: χN & 0.1.

Contents
1 Introduction 7
2 Dark matter and its properties 11
2.1 Properties of dark matter 11
2.2 Tremaine-Gunn bound 12
3 Active and sterile neutrinos 15
3.1 The active neutrinos 15
3.2 Sterile neutrinos 18
3.2.1 The seesaw mechanism 18
3.2.2 Sterile neutrinos as dark matter 21
3.2.3 Sterile neutrinos as Warm Dark Matter 24
4 Sterile neutrinos as a fraction of dark matter 27
4.1 Tremaine-Gunn bound 27
4.2 X-ray constraints 28
4.3 Thermal overproduction 29
5 Discussion and conclusion 33
Version of July 10, 2020– Created July 10, 2020 - 14:29
5

Chapter1
Introduction
In 1933, Swiss astronomer Fritz Zwicky did a strange discovery [1, 2]. He
measured the so-called velocity dispersion σ2 = 〈v2x〉 ≈ 〈v2y〉 ≈ 〈v2z〉 of the
galaxies in the Coma galaxy cluster. He then also used the virial theorem
for gravitationally bound systems,
〈T〉 = −1
2
〈V〉 , (1.1)
where T is the total kinetic energy and V is the total potential energy of the
system, to estimate the velocity dispersion of the cluster with its measured
total mass, using T ≈ 32 Mσ2 and a rough approximation for V. To his
suprise, the velocity dispersion calculated this way was significantly lower
than the one observed. Zwicky hypothesised that this discrepancy could
be caused by some kind of invisible massive matter: he called it ”dunkele
materie”, or dark matter.
Since then, more evidence has been found for the existence of Zwicky’s
dark matter. The mass of elliptical galaxies has also been calculated us-
ing their velocity dispersion (stars in elliptical galaxies move in random
orbits), and the masses found were up to 10 times bigger than one would
expect from the galaxies’ visible matter alone [3]. In spiral galaxies, stars
tend to orbit in the same direction in the same plane, and a relationship
can be derived for the orbital velocity of the stars at a radius R from the
center:
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8 Introduction
Figure 1.1: Rotation curve of the galaxy M33. The short-dashed line is the rotation
curve calculated from stellar mass only, the long-dashed line is the curve from
gaseous mass only, and the dot-dashed line is the curve from the missing mass
only. Figure taken from Ref. [4].
vcirc(R) =
√
GM(R)
R
, (1.2)
where M(R) is the total mass within a radius R and G is Newton’s grav-
itational constant. Calculating vcirc(R) this way by using the visible mass
distribution of spiral galaxies and comparing it to the measured orbital ve-
locities gives graphs like figure 1.1 [4]. As we can see, the actual rotation
curve is not what we would expect at all from the visible mass alone: there
seems to be a large ring of invisible mass around the center of the galaxy.
In 2002, the distribution of hot (∼ 107 K), X-ray emitting gas in the cluster
Abell 2029 was investigated [5]. It was found that the measured amount
of gas couldn’t possibly be contained by the cluster’s visible mass alone:
another case of missing mass was found. Moreover, since it turned out
that the vast majority of the mass of the cluster was dark matter, the distri-
bution of dark matter in the cluster could be found from the gas distribu-
tion. The found distribution matched existing models for dark matter with
generally non-relativistic momenta (cold dark matter) instead of generally
relativistic momenta (hot dark matter).
Gravitational lensing has also been a useful tool in investigating dark mat-
8
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9ter. Strong gravitational lensing on galaxies has reaffirmed previous re-
sults [6], but weak gravitational lensing has paved the for one of the most
important studies in dark matter’s history. In 2006, a rather unique event
was studied: a merger of two galaxy clusters called the Bullet Cluster [7].
Using weak gravitational lensing, the mass distribution of the merger was
measured, and not only was a mass discrepancy found, the center of mass
of the merger was also significantly displaced from what was expected
from the visible mass alone. Up until this point, theories predicting that
the mass discrepancies were caused by a change in Newton’s laws or the
laws of gravity at galactic scales were also considered∗, but none of them
could explain the shift in the center of mass: the Bullet Cluster gave us the
first true evidence that dark matter indeed exists, and that it is not just an
illusion cast by unknown physical laws.
But the question remains: just what is this dark matter? Does it consist
of undetectable asteroids, primordial black holes [11, 12], some sort of el-
ementary particle, or a combination of the above [13]? It seems we can
rule out anything made of baryons, including asteroids. In the early days
of the universe, photons and baryons were bound together in the photon-
baryon plasma. Acoustic waves travelled through this plasma, caused by
the baryons in the plasma falling into gravitational potential wells and
bouncing back out due to pressure caused by the resulting temperature
increase. When the universe cooled off sufficiently, the baryons formed
hydrogen nuclei, the photons flew away, and the plasma was no more.
We can still see the photons today as the cosmic microwave background
(CMB), and remnants of the acoustic waves are still visible as anisotropies
in the temperature of the CMB.
The correlations between these anisotropies can be studied, and from them,
we can derive the ratio between the mass of the baryons and the mass
causing the gravitational potential wells. Using data of the CMB found
by the Planck space telescope in 2013 [14], it has been found that just 15%
of the mass in the universe is baryonic: the remaining 85% is the non-
baryonic massive matter that caused the gravitational potential wells way
back when. This ratio roughly corresponds to the visible matter-dark mat-
ter ratio we find in galaxies and galaxy clusters, which is a strong hint that
the non-baryonic massive matter and (the majority of) dark matter might
very well be one and the same. This also means dark matter must have
played a role in structure formation in the early universe if it was present
∗Mordehai Milgrom’s Modified Newtonian dynamics (MOND) was an example of a
theory describing a modification to Newton’s laws [8–10].
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way back then. The most widely accepted and successful model of how
dark matter affected structure formation is the ΛCDM model, which has
correctly predicted the evolution of the universe and its large-scale struc-
ture. It is sometimes called ”the Standard Model of dark matter”, and it
is based on the assumption that dark matter is cold and has always been
cold. However, another model, WDM (Warm Dark Matter), which is based
on dark matter starting out hot and cooling down afterwards, has not yet
been completely excluded [15].
This discussion does not rule out primordial black holes as a dark matter
candidate, but for this thesis, sterile neutrinos were investigated as a pos-
sible candidate. Sterile neutrinos are the hypothetical right-handed chiral
counterparts of ”regular” (active) neutrinos, which to date have only been
observed with left-handed chirality. Sterile neutrinos are called sterile be-
cause, contrary to active neutrinos, they do not couple to the weak interac-
tion: the only interaction they couple to is gravity. This makes it incredibly
hard to find evidence of the existence of the particle, and nearly impossible
to measure it directly. Measurements have been done to find evidence of
sterile neutrinos, but the results of the two biggest experiments show these
efforts are far from conclusive: the IceCube Detector found no evidence of
sterile neutrinos in 2016 [16], but the MiniBooNE experiment in 2018 did
find evidence [17], although the significance of its results was 4.7σ, just
below the necessary 5σ.
In this thesis, we motivate sterile neutrinos as a dark matter candidate and
review the current state of sterile neutrino dark matter research: in chap-
ter 2, we will discuss dark matter, and in chapter 3, we will discuss sterile
neutrinos and their status as a dark matter candidate. Then, in chapter
4, we will discuss some of the various bounds on the properties of ster-
ile neutrino dark matter, and answer the research question of this thesis:
how do the Tremaine-Gunn bound, the X-ray constraints, and the thermal
overproduction bound on the properties of sterile neutrino dark matter
change if we assume not all dark matter consists of sterile neutrinos? We
will do this by investigating how each of these bounds were obtained, and
then rederiving them for the case where dark matter consists of other par-
ticles in addition to sterile neutrinos. Finally, we will conclude the thesis
in chapter 5.
10
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Chapter2
Dark matter and its properties
One might wonder why we would investigate hypothetical particles like
sterile neutrinos as a dark matter candidate, when we have a large pool
of already known particles in the Standard Model. However, no particle
in the Standard Model could possibly be dark matter. In this chapter, we
will discuss some of the properties a dark matter candidate must have∗,
and go over the arguments used to show that we need to look beyond the
Standard Model to find the true nature of dark matter.
2.1 Properties of dark matter
There are several propeties a dark matter candidate must have:
• It must be massive. Massless particles can exert gravity, according to
general relativity, but they are inherently relativistic, which clashes
with the results that point to dark matter being (somewhat) cold.
• It must be chargeless, or at most have an electric charge far smaller
than the charge of the electron. A recent study [18] has shown that, if
dark matter is entirely made of charged particles, their charge would
satisfy q/e . 1013±1 mc2/GeV. So unless the mass of the particles is
on the order of ∼ 1 ZeV/c2 or larger (no known particle has a mass
even close to this value), their charge must be very small indeed.
• It must have a production mechanism that can produce it in quanti-
ties that can explain the abundance of dark matter in the universe.
∗Assuming most if not all of dark matter is made of this candidate.
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• There must be some reason that dark matter is predominantly cold.
The properties of any dark matter candidate, i.e. their production
mechanism or the interactions they couple to, must be able to explain
this.
• It must be stable on at least the timescale of the age of the universe
The Standard Model does not offer a very broad selection of massive,
chargeless, very stable particles. In fact, only three known non-baryonic
particles or composite particles fit these criteria: the three neutrinos. Neu-
trinos, however, have a very small mass. Therefore, a good first test to see
if dark matter can consist of neutrinos is to find a lower bound on the mass
of dark matter. Such a bound is called a Tremaine-Gunn bound.
2.2 Tremaine-Gunn bound
The original Tremaine-Gunn bound was derived by Scott Tremaine and
James E. Gunn in 1979 [19]. They obtained their bound by assuming dark
matter was fermionic and then comparing its phase-space distribution at
different points in time using the Vlasov equation. However, we will use
a different and somewhat simpler method to derive a bound. This bound
will not be as strong as Tremaine and Gunn’s, but it suits our purposes
just fine, as we will see. The general formula for the bound has been
previously derived by Alexey Boyarsky, Oleg Ruchayskiy and Dmytro
Iakubovskyi [20], but we will repeat it here.
Neutrinos are fermions with spin 12 , so let’s assume dark matter consists
of such particles. Let’s now (crudely) model a dark matter halo around a
galaxy as free particles in a sphere with radius R, where R is the radius
of the halo. The Pauli exclusion principle now implies (using the fact that
dark matter is non-relativistic) that the highest energy a dark matter parti-
cle in this sphere has is the Fermi energy, EF = h¯
2
2mdark
(
3pi2N
V
)2/3
, where N
is the total number of particles in the halo, V is the volume of the halo, h¯ is
the reduced Planck’s constant, and mdark is the mass of dark matter. Since
dark matter is non-relativistic, this also implies that the highest velocity a
dark matter particle has is the Fermi velocity:
vF =
√
2EF
mdark
=
h¯
mdark
3
√
3pi2N
V
(2.1)
12
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Now, for a stable halo, the Fermi velocity cannot exceed the escape velocity
at the edge of the galaxy:
h¯
mdark
3
√
3pi2N
V
<
√
2GM
R
, (2.2)
where M is the total mass of the galaxy. Now, using V = 43piR
3 and N =
M
mdark
†and rewriting the inequality, we get:
m4dark >
9pih¯3
8
√
2G3/2M1/2R3/2
(2.3)
This is the Tremaine-Gunn bound we will be using. It is strongly depen-
dent on the galaxy we are considering, however. So let’s consider the
galaxy we know best: our own Milky Way. The total mass of the Milky
Way has been estimated to be (1.3± 0.3)× 1012 M [21], and its radius,
including its dark matter halo, has been estimated in a very recent study
to be 0.29± 0.06 Mpc [22]. Using these values, we find:
mdark & 4 eV/c2 (2.4)
An upper bound on the combined mass of the three active neutrino flavors
is [23]:
∑
α=e,µ,τ
mα < 0.12 eV/c2 , (2.5)
a full order of magnitude lower than our Tremaine-Gunn bound. This
excludes neutrinos from being dark matter, and confirms that we need to
look beyond the Standard Model for dark matter candidates. Our research
will focus on one particular candidate: sterile neutrinos.
†Not an unreasonable approximation, considering the abundance of dark matter in
galaxies.
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Chapter3
Active and sterile neutrinos
In this chapter, we will motivate the existence of sterile neutrinos, dis-
cuss some of their important properties and review what is already known
about them as a dark matter candidate. But before we can do so, we must
discuss some aspects of the active neutrinos first. For the rest of this thesis,
we will work in natural units (c = h¯ = 1).
3.1 The active neutrinos
In the Standard Model, there are three charged leptons: the electron (e),
the muon (µ), and the tau (τ). Each of these charged leptons has a cor-
responding active neutrino: the electron neutrino (νe), the muon neutrino
(νµ), and the tau neutrino (ντ). They correspond to each other in the sense
that each charged lepton can turn into its corresponding neutrino and vice
versa by emitting or absorbing a W− boson: this process is part of the ba-
sis of the weak interaction. Active neutrinos are chargeless, and they only
couple to gravity and the weak interaction, which makes them notoriously
difficult to detect. Also, unlike the other particles in the Standard Model,
only neutrinos with left-handed chirality have been detected. The active
neutrinos were also long thought to be massless, until neutrino oscillation
was discovered.
Neutrino oscillation is the phenomenon where neutrinos seem to oscillate
between the three flavors, instead of having one fixed flavor. The idea be-
hind neutrino oscillation was developed primarily over the course of three
articles published during the 1950s and 1960s that built on each other’s
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16 Active and sterile neutrinos
ideas: the first and third were written by Bruno Pontecorvo, and the sec-
ond was written by Ziro Maki, Masami Nakagawa and Shoichi Sakata [24–
26]. However, the phenomenon was not experimentally confirmed until
much later: the Super-Kamiokande experiment provided the first clear ev-
idence of neutrino oscillation in 1998 [27].
To explain why neutrino oscillation occurs, we will consider two neutrino
flavors, να and νβ. We can think of these as eigenstates of the flavor oper-
ator, as they have a well-defined flavor. However, they don’t necessarily
also need to be eigenstates of the mass operator: the flavor operator and
the mass operator might very well not commute. So suppose ν1 and ν2 are
the mass eigenstates. If both sets of eigenstates are normalized, they are
related to each other by a unitary transformation:
(
να
νβ
)
= eiψ
(
eiϕ1 cos θ eiϕ2 sin θ
−e−iϕ2 sin θ e−iϕ1 cos θ
)(
ν1
ν2
)
However, since ν1 and ν2 solve the Dirac equation,
(i/∂ −m)ψ = 0 , (3.1)
because they are mass eigenstates, we can redefine them with an extra
phase factor without affecting any physical results. The same holds for να
and νβ due to their direct connection to the charged leptons (a result from
quantum field theory: see e.g. [28]). It turns out that, by cleverly redefining
each of the eigenstates with a different phase factor, we can eliminate all
complex exponentials in the transformation matrix:
(
να
νβ
)
=
(
cos θ sin θ
− sin θ cos θ
)(
ν1
ν2
)
(3.2)
Now, consider a free να neutrino produced at t = 0 travelling in the x-
direction with momentum p. Then, at t = x = 0, the state of this neutrino
is described by |ψ(0)〉 = |να〉 = cos θ|ν1〉 + sin θ|ν2〉, and at an arbitrary
time and location:
|ψ(t, x)〉 = cos θ|ν1〉ei(E1t−px) + sin θ|ν2〉ei(E2t−px) , (3.3)
where the Ei are the energies of each mass eigenstate. In the limit p mi,
where the mi are the masses of the mass eigenstates (this limit typically
16
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holds for neutrinos in the wild), we have Ei =
√
p2 + m2i ≈ p +
m2i
2p . Now,
at the neutrino’s current location L, we have t ≈ x = L, and:
|ψ(L)〉 ≈ cos θ|ν1〉ei
m21L
2p + sin θ|ν2〉ei
m22L
2p , (3.4)
Now, if we try to measure the flavor of this neutrino, there is a chance that
we measure νβ instead of να, equal to:
Pα→β(L) = |〈νβ|ψ(L)〉|2 ≈ sin2 (2θ) sin2
(
∆m2L
4p
)
, (3.5)
where ∆m2 ≡ m22 − m21. So, as the neutrino moves, a small chance to be
detected as a νβ neutrino instead of a να neutrino periodically appears
and disappears if the mass difference between the two mass eigenstates
is nonzero: this is neutrino oscillation.
For the three active neutrino flavors, the algebra becomes a bit more com-
plicated, but the phenomena are very similar to the two-neutrino case. Let
ν1, ν2 and ν3 be the mass eigenstates. Then the general transformation
between the two sets of eigenstates, while eliminating as many complex
exponentials as possible, is:
νeνµ
ντ
 =
 c12c13 s12c13 s13e−iδ−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13
ν1ν2
ν3

(3.6)
Here, cij ≡ cos θij and sij ≡ sin θij, where θij is the mixing angle between
νi and νj (in analogy to the angle θ in the two-neutrino case). This matrix
is called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix. Further-
more, the mass differences between all three mass eigenstates have been
found to be nonzero, and they satisfy ∆m212  |∆m213| ≈ |∆m223| [29]. From
this, it follows that two different mass hierarchies are possible:
m1 < m2 < m3 (Normal hierarchy)
m3 < m1 < m2 (Inverted hierarchy)
In any case, this implies at least two active neutrinos must be massive.
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However, as seen in equation (2.5), the combined mass of the three neu-
trinos has been measured to be less than 0.12 eV. This is considered quite
unusual, since all other particles in the Standard Model are either mass-
less or have masses around the MeV-GeV range. Nevertheless, a natural
explanation for the low masses of can be found by introducing neutrinos
with right-handed chirality, called sterile neutrinos.
3.2 Sterile neutrinos
Sterile neutrinos are chargeless spin-12 fermions, just like the active neutri-
nos. The major difference between the two is that sterile neutrinos don’t
couple to the W± bosons, while the active neutrinos do: this is why they
are called active and sterile. These properties arise because W± only cou-
ple to fermions with left-handed chirality and antifermions with right-
handed chirality. This means sterile neutrinos interact very weakly with
the world around them: they only couple to gravity and the Z0 boson.
However, despite their ghostly nature, introducing them in a certain way
can elegantly explain the low masses of their active brethren by means of
an effect called the seesaw mechanism.
3.2.1 The seesaw mechanism
Imagine two massless spin-12 fermions with identical properties, exept one
has left-handed chirality (ψL), and one has right-handed chirality (ψR).
They satisfy the Weyl equation:
{
iσ¯µ∂µψL = 0
iσµ∂µψR = 0
(3.7)
Here, ψL and ψR are represented as two-component vectors called Weyl
spinors, and we have σµ = (1, σx, σy, σz) and σ¯µ = (1,−σx,−σy,−σz),
where the σi are the Pauli matrices. Now, if we want these fermions to be
massive, there are two ways to add mass to the Weyl equation that keep
the equation Lorentz covariant (which is required for a relativistic theory
like this). The first is Dirac mass:
{
iσ¯µ∂µψL = mψR
iσµ∂µψR = mψL
(3.8)
18
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Or, if we define Ψ =
(
ψL
ψR
)
and γµ =
(
0 σµ
σ¯µ 0
)
:
(iγµ∂µ −m)Ψ = 0 (3.9)
This is the Dirac equation (in the Weyl basis of gamma matrices, to be
precise). The two fermions now behave as a cohesive, inseperable unit
called a Dirac fermion. The four-component vector Ψ is called a Dirac
spinor.
However, there is another way to add mass, called Majorana mass:
{
iσ¯µ∂µψL = MLχR
iσµ∂µψR = MRχL
(3.10)
Here, χL ≡ iσ2ψ∗R and χR ≡ −iσ2ψ∗L (where ∗ means complex conjuga-
tion). Adding Majorana mass instead of Dirac mass lets the two fermions
exist and behave independently. However, this option is only available
if the fermions are chargeless: χL/R is not only of opposite chirality from
ψR/L, but also opposite charge, and it can be shown that equation (3.10)
violates charge conservation unless the fermions are chargeless. Fermions
that satisfy equation (3.10) are called Majorana fermions, and they are typ-
ically represented by the four-component Majorana spinors ΨL =
(
ψL
χR
)
and ΨR =
(
χL
ψR
)
, since we can find these satisfy the Dirac equation∗:
(iγµ∂µ −ML/R)ΨL/R = 0 (3.11)
Since CΨ∗ ≡ iγ2Ψ∗ =
(
0 iσ2
−iσ2 0
)
Ψ∗ is charge conjugate of a Dirac
spinor Ψ in the Weyl basis, it can be found that Majorana fermions are
their own antiparticles:
C
(
ψ∗L
χ∗R
)
=
(
ψL
χR
)
, C
(
χ∗L
ψ∗R
)
=
(
χL
ψR
)
(3.12)
∗χL and χR satisfy their own versions of equation (3.10), which can be found by mul-
tiplying the top equation by iσ2 and the bottom by −iσ2.
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Neutrinos are chargeless, so they could have a Majorana mass. But the
type I seesaw mechanism†arises when we implement both Dirac and Ma-
jorana masses:
{
iσ¯µ∂µν˜L = mν˜R
iσµ∂µν˜R = mν˜L + Mχ˜L
(3.13)
Here, χ˜L ≡ iσ2ν˜∗R as usual, and m  M. The idea behind this is that we
start with a Weyl fermion ν˜L (an active neutrino) and a Majorana fermion
ν˜R with mass M (a sterile neutrino), and then add a weak connection be-
tween them in the form of a Dirac mass m. Now, if we multiply the top
equation by iσµ∂µ, multiply the bottom equation by iσ¯µ∂µ and charge con-
jugate it, and then rewrite both a bit, we get:
{
(2 + m2)ν˜L + mMχ˜L = 0
(2 + m2 + M2)χ˜L + mMν˜L = 0
Or, in matrix form:
[
2 +
(
m2 mM
mM m2 + M2
)](
ν˜L
χ˜L
)
= 0 (3.14)
Here, 2 ≡ ∂µ∂µ is the d’Alembertian. Equation (3.14) resembles the
Klein-Gordon equation:
(2 + m2)Ψ = 0 (3.15)
All components of a Dirac or Majorana spinor should satisfy the Klein-
Gordon equation, since (iγµ∂µ + m)(iγµ∂µ − m) = −(2 + m2). This
means by diagonalizing the mass matrix in equation (3.14) and finding
its eigenstates, we can can get a strong hint for finding the complete mass
eigenstates that solve the Dirac equation. Doing so in the limit m  M
gives one eigenstate ν˜1 with mass m1 ≈ m2M and one eigenstate ν˜2 with
mass m2 ≈ M. They are related to ν˜L and χ˜L by:
†As the name suggests, there are other possible seesaw mechanisms, but this is the
simplest one.
20
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(
ν˜L
χ˜L
)
=
(
cos θ sin θ
− sin θ cos θ
)(
ν˜1
ν˜2
)
, (3.16)
where θ ≈ mM . Now, it can be shown that the Majorana spinors ν1 ≡(
ν˜1
−iσ2ν˜∗1
)
and ν2 ≡
(
ν˜2
−iσ2ν˜∗2
)
satisfy (i/∂ + m1)ν1 = 0‡and (i/∂ −m2)ν2 =
0: these are the mass eigenstates. They are related to ν =
(
ν˜L
χ˜R
)
and
N =
(
χ˜L
ν˜R
)
by:
(
ν
N
)
=
(
cos θ sin θ
− sin θ cos θ
)(
ν1
ν2
)
(3.17)
By slightly mixing the active and sterile neutrino with a small Dirac mass
m, the active neutrino has gained a mass far smaller than m: the seesaw
mechanism neatly explains why the observed masses of the three active
neutrinos are so small. Interestingly, it also implies that both active and
sterile neutrinos are Majorana particles.
3.2.2 Sterile neutrinos as dark matter
Equation (3.17) also implies that oscillation can take place between active
and sterile neutrinos, which makes it possible for sterile neutrinos to de-
cay. One possible decay is:
N → ναγ (3.18)
Here, να can be any of the active neutrinos, and a version of the decay
where an antineutrino is produced is also possible, assuming sterile neu-
trinos are Majorana particles§. A lowest-order Feynman diagram of the
decay (3.18) can be seen in figure 3.1, but another diagram where the W+
emits the photon instead of the lepton `− is also possible. The total decay
width of these decays is [30]:
‡The fact that there is a plus sign here instead of a minus sign is interesting, but it has
no bearing on any physical properties important to our analysis.
§Since active neutrinos being Majorana particles is very uncertain, we take active neu-
trinos and antineutrinos to be different for generality.
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Figure 3.1: Lowest-order Feynman diagram of the decay N → ναγ, where the
lepton ` emits the photon.
ΓN→νγ =
9αG2F M
5θ2
256pi4
≈ 5.5× 10−22θ2
(
M
1 keV
)5
s−1 , (3.19)
where GF is the Fermi coupling constant, α is the fine structure constant
and θ2 ≡ ∑α |θα|2, where θα is the mixing angle between N and να.
An important property of this decay is that it always produces photons
with an energy of 12 M with respect to the inertial frame of the sterile neu-
trino since it is a two-body decay. This means that dark matter halos
should emit faint monochromatic radiation if they contain sterile neutri-
nos. Such radiation, with an energy of around 3.5 keV, was eventually dis-
covered in 2014 by two independent groups [31–33], and has since been
measured in many different systems [34–40]. This suggests dark matter
could at least partially consist of sterile neutrinos with a mass of around 7
keV.
For sterile neutrinos with a mass that is less than twice the electron mass,
such as the one that is theorized to produce the 3.5 keV radiation, the most
probable decay is:
N → νανβν¯β , (3.20)
where να and νβ can be any combination of flavors, and να can also be
an antineutrino. A lowest-order Feynman diagram of decay (3.20) can be
22
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Figure 3.2: Lowest-order Feynman diagram of the decay N → νανβν¯β, where the
sterile neutrino emits the Z0 boson before transforming into να.
seen in figure 3.2, but another diagram where να emits the Z0 boson also
exists. The total decay width of these decays is given by [30]:
ΓN→3ν =
G2F M
5θ2
96pi3
≈ 6.7× 10−20θ2
(
M
1 keV
)5
s−1 , (3.21)
about 128 times as likely as decay (3.18).
One condition for a particle to be a dark matter candidate is that their
mean lifetime must be around or longer than the age of the universe. The
latest data from the Planck satellite tell us this is tU = 4.352× 1017 s [41].
Demanding ΓN→3ν < 1tU now gives us:
θ2 < 33
(
1 keV
M
)5
= 2.0× 10−3 (3.22)
As we will see later, far stricter upper bounds on θ2 have been calculated
for sterile neutrino dark matter, so the stability requirement is certainly
satisfied.
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Figure 3.3: Lowest-order Feynman diagram of the process νανβ → ναN, one of
the scattering processes that produced sterile neutrinos in the early universe (any
of the active neutrinos can also be an antineutrino).
3.2.3 Sterile neutrinos as Warm Dark Matter
Evidently, if sterile neutrinos exist, they have to have been produced at
some point in the life of the universe. One way this happened is by scat-
terings: when two active neutrinos scatter from each other due to the weak
interaction, there is a chance one of them ”flips over” into a sterile neutrino
during the process due to mixing: figure 3.3 shows a Feynman diagram of
such a process. The decay width of this process is proportional to (assum-
ing just one active flavor for simplicity of argument) [30]:
ΓN ∝ G2FT
5 sin2(θ) (3.23)
The temperature dependence comes from the fact that scattering is more
likely at higher temperatures. From this, one would naively think that ster-
ile neutrino production increases as temperature increases, and that most
sterile neutrinos were produced immediately after the Big Bang. However,
things are not quite that simple. During the early stages of the universe, it
was filled with a thick primordial plasma. This medium strongly affected
particle interactions, and, in particular, effectively altered the active-sterile
mixing angles, decreasing them for high temperatures: we have to re-
place the base mixing angle θ with an effective mixing angle θm that is still
24
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roughly proportional to θ [30]. Most sterile neutrinos were thus produced
at some intermediate temperature, where T5 sin2(θm) peaks. For keV-mass
sterile neutrinos, this happened at temperatures around 0.1− 1 GeV [30]
(θm is mass-dependent). Since this is far higher than 7 keV, this means
most sterile neutrinos in the universe were born with relativistic momenta.
Because Hot Dark Matter has been excluded by measurement [15], this
means sterile neutrinos are a Warm Dark Matter candidate: if dark mat-
ter consists of sterile neutrinos, those sterile neutrinos must have cooled
down to non-relativistic momenta before structure formaton.
Whether dark matter is warm or cold can be discovered by studying the
structure of the universe today. A quantity important for such an analysis
is the free streaming length of a dark matter particle:
λ f s(t f ) = a(t f )
∫ t f
ti
v(t′)
a(t′)
dt′ , (3.24)
the average distance the particle travelled from its production to struc-
ture formation, corrected for cosmic expansion (with the scale factor a(t)).
Since dark matter played a large role in structure formation, few structures
of scales below λ f s would have been able to form, since clumps of dark
matter on those scales would have been washed out due to dark matter
particles free streaming away from each other. λ f s increases with aver-
age particle velocity, so WDM particles have a larger free streaming length
than CDM particles. For sterile neutrinos with keV-scale mass, the free
streaming length has been found to be around 1 Mpc [30], which is around
the scale of the average galaxy. This means finding out if dark matter is
warm or cold can be done by studying the abundance of structures below
this scale in the universe.
Most current constraints on the mass of dark matter sterile neutrinos and
their mixing angle are summarized in figure 3.4. Together, these bounds
leave little wiggle room for the possible properties of sterile neutrino dark
matter. However, these bounds have all been obtained while assuming
dark matter entirely consists of sterile neutrinos. In the next chapter, we
will investigate how these bounds change if only a fraction of all dark mat-
ter consists of sterile neutrinos, and try to broaden the possible parameter
space of sterile neutrino dark matter in the process.
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Figure 3.4: Most of the current keV-scale bounds on the M− θ2 parameter space
of dark matter sterile neutrinos assuming dark matter entirely consists of sterile
neutrinos. Solid lines indicate mostly model-independent bounds, found using
just the basic properties of sterile neutrinos and active-sterile mixing, dotted lines
indicate bounds that do not hold for every sterile neutrino model, and dashed
and dot-dashed lines indicate estimates of the sensitivity of future experiments.
The X-ray constraints, which have been made half as strict to account for pos-
sible measurement errors, have changed slightly since the creation of this figure
in 2019, but not significantly [42]. The blue data point represents the sterile neu-
trino properties implied by the 3.5 keV line. A more in-depth explanation of each
bound can be found in the original source, Ref. [30].
26
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Chapter4
Sterile neutrinos as a fraction of
dark matter
To investigate the change in the available sterile neutrino parameter space
if only a fraction of dark matter consists of sterile neutrinos, we will define
the sterile neutrino mass fraction:
χN ≡ ρN
ρDM
, (4.1)
where ρN and ρDM are the mass densities of sterile neutrino dark matter
and all dark matter, respectively. If we look at a volume in space and mea-
sure the total mass of the dark matter in it, we expect that a fraction χN of
it will be due to sterile neutrinos. We will assume this fraction is the same
for all galaxies and clusters, and we will investigate the effect varying this
parameter has on the three model-independent bounds in figure 3.4: the
Tremaine-Gunn bound (pink), the X-ray constraints (blue), and the ther-
mal overproduction bound (black).
4.1 Tremaine-Gunn bound
The Tremaine-Gunn bound has been previously derived for the χN = 1
case in section 2.2, and the derivation is the same for all values of the frac-
tion until equation (2.2):
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h¯
mN
3
√
3pi2NN
V
<
√
2GM
R
, (4.2)
where NN is the number of sterile neutrinos in the galaxy. Now, the rela-
tion NN = MmN only holds if χN = 1: for the general case, we have to take
NN =
χN M
mN
, which leads to the new Tremaine-Gunn bound:
m4N >
9pih¯3χN
8
√
2G3/2M1/2R3/2
(4.3)
As we can see, the bound on mN is only weakly sensitive to χN: it scales
with a factor χ1/4N . In figure 3.4, the pink bound will move to the left if χN
decreases, becoming less strict.
4.2 X-ray constraints
As discussed in section 3.2.2, sterile neutrinos can decay into an active
neutrino and a photon with an energy of 12 mN in to the inertial frame of
the sterile neutrino. This means information about sterile neutrino dark
matter can be gained by measuring the radiation coming from dark matter
halos, which comes in the form of X-rays for keV-scale sterile neutrino
masses. These measurements are done by measuring the flux of the X-rays
of each energy coming from a dark matter halo, extracting the radiation
from other sources in some way (typically by using reference data from
another system or a simulation), and checking if certain X-ray energies
have a significantly larger flux than the rest. So far, this has only succeeded
for the 3.5 keV line: for the other energies, an upper bound on the active-
sterile mixing angle θ as a function of mN has been calculated by using
the error margins of the measurements and the fact that no significant flux
spikes were measured.
Now, the flux of decay radiation from a dark matter halo is proportional
to the sterile neutrino column number density nN,c (number density inte-
grated over the line of sight) in the halo and the decay width ΓN→νγ, which
is in turn proportional to m5N and θ
2 (see equation (3.19)):
Fdecay ∝ nN,cm5Nθ
2 ,
or:
28
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Fdecay ∝ ρN,cm4Nθ
2 , (4.4)
since mass densities and thus column mass densities are the quantities we
can actually measure. The X-ray constraints on θ2 were found by assuming
χN = 1, and thus ρN,c = ρDM,c. However, in general, ρN,c = χNρDM,c, and
all constraints found actually apply to χNθ2, since we measure ρDM,c and
not ρN,c So, if θ2X is an upper bound on θ
2 found by X-ray measurements
and while assuming χN = 1, we have:
θ2 <
θ2X
χN
(4.5)
As we can see, X-ray bounds on θ2 scale with a factor χ−1N , a stronger
effect than with than the Tremaine-Gunn bound. In figure 3.4, the blue
bound will move upward if αN decreases, becoming less strict. Since the
θ2-estimate for the 3.5 keV line was found using similar methods [32], it
scales in the same way.
4.3 Thermal overproduction
The thermal overproduction bound was obtained as follows: assuming all
sterile neutrinos were produced by scattering as described in section 3.2.3,
and assuming χN = 1, the black line in figure 3.4 must describe the rela-
tionship between mN and θ2 of the dark matter sterile neutrino in order to
explain the observed dark matter mass density in the universe. However,
not all sterile neutrinos were produced by this mechanism, so the black
line is a mass-dependent upper bound on θ2 instead. The bound was ob-
tained by finding a bound:
mNΓN,max < C , (4.6)
where ΓN,max is the width of the scattering process at the maximum ef-
fective mixing angle θm (see equation (3.23) and the discussion after it),
so that no more mass is produced than observed, and then solving for θ2
using the fact that ΓN,max is approximately proportional to θ2. But if only
a fraction χN of the mass of dark matter consists of sterile neutrinos, the
bound C must be multiplied by χN. So, if θ2T is a thermal overproduction
bound on θ2 if χN = 1, then we have:
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θ2 < χNθ
2
T (4.7)
This bound actually scales with a factor χN, in contrast to the X-ray con-
straints. In figure 3.4, the black bound will move downward, becoming
stricter.
Figure 4.1 illustrates the dependence of the three bounds and the 3.5 keV
line data on χN. As we can see, a broader keV mass range becomes avail-
able as χN decreases, but the possible mixing angle range becomes more
restricted if χN becomes small enough.
The difference in behaviour between the X-ray constraints and the ther-
mal overproduction bound has an interesting consequence. As we can see
in figure 4.1, the calculated mixing angle of the 3.5 keV line and the ther-
mal overproduction bound will move closer to each other as χN decreases,
meeting at a value of about θ2 ≈ 10−10 when approximately χN ≈ 10−1: if
χN becomes even smaller, the thermal overproduction bound will exclude
the 3.5 keV line. Therefore, if the 3.5 keV line indeed belongs to a sterile
neutrino with mass mN = 7 keV, the data in figure 3.4 immediately imply
a lower bound on χN of approximately:
χN & 0.1 (4.8)
In other words, at least 10% of the mass of dark matter must consist of
sterile neutrinos. This is a very rough estimate due to the large error mar-
gin on the value of θ2 corresponding to the 3.5 keV line, so better data is
needed to calculate a more exact lower bound.
30
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Figure 4.1: Log-log plots roughly illustrating the change in the Tremaine-Gunn
bound (magenta line), the X-ray constraints (blue line), the overproduction bound
(black line), and the 3.5 keV line data (blue data point) with χN , where χN is
chosen to be 1, 0.1 and 0.01, respectively.
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Chapter5
Discussion and conclusion
Sterile neutrinos are a solid candidate for being dark matter. They satisfy
all the necessary properties (chargeless, massive, lifetime longer than the
age of the universe, production mechanisms and interactions lead to pre-
dictions that align with astrophysical and cosmological measurements),
and evidence has already been found that could point to their existence
(the 3.5 keV line), although it is not yet conclusive.
The greatest weakness of sterile neutrinos is, however, their rather re-
stricted parameter space as a dark matter particle due to various exper-
imental bounds, as can be seen in figure 3.4. In this thesis, we have shown
that some more wiggle room for the mass mN and the active-sterile mixing
angle θ of dark matter sterile neutrinos can be gained by considering the
possibility that dark matter consists of other particles in addition to sterile
neutrinos. The most interesting result of this analysis, however, is that a
lower bound on the percentage χN of the dark matter mass density that is
due to sterile neutrinos can be found if the 3.5 keV line is truly caused by
sterile neutrino decay: approximately 10%.
Of course, to get a a more accurate lower bound and more accurate de-
scription of the dependence of the sterile neutrino parameter space on the
mass percentage, more research must be done. The sensitivity of other
bounds to χN can be investigated: for example, the more model-dependent
bounds in figure 3.4 can be considered. Furthermore, more accurate mea-
surements on the intensity of the 3.5 keV line, and thus the value of θ
corresponding to it, can be conducted. This, in addition to improving the
accuracy of the overproduction bound by doing more accurate measure-
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ments of the dark matter density in the universe, can lead to a sharper
lower bound on the mass percentage. This may give us a better under-
standing of the composition of dark matter, and help find out if the 3.5
keV line is truly the sterile neutrino dark matter signal it is hypothesized
to be.
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